Abstract-We employ two-dimensional (2-D) self-consistent physical modeling of a particularly promising lateral current injection laser reported recently in the literature to gain insight into the physical mechanisms governing the operation of this family of devices. We demonstrate the substantial benefits to be obtained from improved hole injection facilitated by relatively light p-type doping of barrier layers; from lateral shifting of the transverse junction to improve the overlap between the photon field and material gain; and from creating a lateral heterobarrier via quantum-well intermixing in order to confine carriers in the lateral direction. We find that with a number of relatively minor physically motivated modifications to existing fabrication processes, lateral injection lasers have the potential to exhibit greatly improved performance characteristics and to realize thereby their tremendous potential as enablers of optoelectronic integrated circuits and novel device structures.
I. INTRODUCTION
T HE IDEAL active source for monolithic optoelectronic integration should consist predominantly of undoped epitaxial layers for ease of inter-device isolation and low freecarrier absorption in passive sections; be grown on semiinsulating material for low parasitic conduction and delays; have both contacts on the top side of the substrate for ease of interconnection; and be readily fabricated using a planar process with a minimum number of steps. Vertical injection lasers, though their performance as discrete devices is greatly perfected, do not generally possess these characteristics. Conversely, lateral current injection (LCI) lasers are natural candidates for integration, but remain to be studied systematically and developed to their full potential.
Greater ease of integration is a consequence of a more general feature of LCI lasers: an additional spatial degree of freedom is released for development. For example, the use of nonconducting cladding layers enables capacitive modulation and gain-tuning from a top electrode [1] , [2] , as shown in Fig. 1(a) . Post-processing via the deposition and modification of a dielectric in order to fabricate devices with differing functionalities from the same epitaxial material [3] [illustrated in Fig. 1(b) ] is enabled by the elimination of carrier injection through the cladding layers. The use of the lateral direction reduces the need for the compromise which exists in the vertical injection paradigm in which the requirements of carrier transport conflict with those of carrier and optical confinement. Carriers in a lateral injection laser may flow unencumbered in the direction parallel to the epitaxial plane irrespective of the height, thickness, and number of barriers [4] . A large refractive index difference may therefore be used to confine light in the transverse direction, while optimized band offsets and doping levels may be used to confine and regulate the flow of carriers, as illustrated in Fig. 1(c) . If one may extrapolate from the rate and richness of progress in the more constrained design of vertical injection lasers, the release of an additional degree of freedom holds great promise for both novel physical developments and new device possibilities.
The most promising previous attempts in fabricating lateral injection devices have exhibited threshold currents as low as 6.5 mA (pulsed) [5] , differential quantum efficiencies as high as 33%/facet continuous-wave (CW) [6] and output powers up to 20 mW [7] . However, the slow pace of development of these devices is attested to by the fact that some of the most successful lasers were in fact developed almost two decades ago [8] . This is in contrast to the continuous improvement of vertical injection lasers, compared to which lateral devices have typically exhibited high threshold currents, low output efficiencies and rapid roll-off in efficiency with increasing current even under pulsed-mode operation [9] , [10] . This situation, which is a result of the adoption of predominantly empirical approaches to LCI laser design and fabrication trials, has impeded the development of this class of lasers. It appears particularly discouraging when assessed relative to the high standard of performance set by the greatly perfected vertical injection family of devices which, in contrast to the lateral injection family, has benefited from countless experimental iterations informed by decades of theoretical study. While a discussion of early gain-guided transverse-junction-stripe (TJS) lasers provides insight into operating characteristics of the original devices [11] , present-day lasers typically require stable index-guiding and benefit from a reduced density of states in quantum wells. Such requirements as these give rise to new design challenges, a limited understanding of which has emerged only recently: it points to poor overlap between the lateral photon field and material gain profiles as a leading limitation on device performance [3] , [12] , [13] .
In view of the many enabling LCI laser applications, we have embarked upon a systematic theoretical study of the physical mechanisms which govern device operation. We have sought to gain an understanding through the use of physical modeling of reported experimental results in order to move 1077-260X/97$10.00 © 1997 IEEE toward a comprehensive theory of the lateral injection laser. In this paper, we treat in detail the case of a particular representative device reported recently in the literature. This case is chosen because it highlights several issues intrinsic to lateral injection laser operation and design while at the same time representing a concrete set of experimental conditions and structural parameters. In order to understand the physical mechanisms and major issues involved in device operation, we consider individually the effect of varying a number of real experimental parameters on both the inner workings and the external measurables of this device.
II. METHODOLOGY
We have modeled the multiple-quantum-well (MQW) ridgewaveguide transverse junction laser [7] illustrated in Fig. 2 . The structure was originally intended to be grown entirely undoped with the exception of the three n-type 2.0 10 cm quantum wells; however, it was reported that an unintentional p-type doping at a level of 5 10 cm was introduced Fig. 2 . Schematic of the MQW ridge-waveguide transverse junction laser reported in [7] .
in the nominally intrinsic layers. The ridge was formed by etching through most of the AlGaAs cladding in such a way as to leave a shoulder 0.1-0.2-m thick. Zn was diffused into one side of the structure in order to form the transverse junction and to facilitate making the p-contact. Recesses for contacts were formed via an additional etch and metallic contacts were deposited. Whereas p-contacts were formed to uniformly ptype material, lateral n-contacting was made only to the three thin quantum wells and, as a result, the laser was reported to exhibit a high differential contact resistance above threshold of 15-30 . A 300-m-long device with a 1.5-m ridge lased at 854 nm with a stable single lateral mode, 18-mA pulsed threshold current, 18% differential quantum efficiency, and good linearity up to 20 mW of optical power. Though the output characteristics of the device were unremarkable by vertical injection laser standards, they were good compared to those of previous LCI lasers. Furthermore, the laser was fabricated using a simple regrowth-free process and had the advantage over traditional TJS structures of being index-guided for modal stability. It was for these reasons that this device was selected as a good candidate for physical modeling in order to understand the reasons for the improved performance of the device and to ascertain whether the structure approached the theoretical performance limit of its design family. A number of issues regarding the internal operation of the device were raised, including the extent to which doping of the barrier and guide layers enhanced the flow of carriers; the degree to which lateral diffusion of the Zn p-type dopant contributed toward the improved performance and stability of the device; and the impact of (possible) lateral heterobarrier formation resulting from quantum well intermixing. Moreover, we wished to understand more generally the physical nature of device operation in order to contribute to the development of improved methodologies for laser design and optimization.
We investigated these issues by solving self-consistently Poisson's equation, the electron and hole continuity equations, the wave equation, and the photon rate equation in two dimensions [14] for a variety of controlled variations on the structure shown in Fig. 2 . Our model included spontaneous, stimulated, Shockley-Read-Hall, and Auger recombination. We assumed carrier mobilities of 2000 cm /Vs for electrons and 125 cm /Vs for holes in the quantum wells and Shockley-Read-Hall recombination lifetimes times of 1 ns for both carrier types. We calculated the dependence of material gain on injected carrier density for the quantum well active region described above using the formulism described in [15] . In addition to including bulk and mirror loss, we considered freecarrier absorption, this last quantity being approximated in GaAs by (3 10 cm )n and ( 7 10 cm )p, where n and p are the local densities of free electrons and holes, respectively. While there is in fact a significant uncertainty in the true values of the preceding parameters, the set chosen yielded reasonable quantitative agreement with experiment [7] . Moreover, the qualitative conclusions reported herein were found to retain their validity under moderate variations in these parameters. As evidenced in the following section, a number of competing, intrinsically two-dimensional (2-D) effects which differ qualitatively from the operating mechanisms governing vertical injection lasers, and which could not have been brought out by a model that was either one-dimensional (1-D) or not fully self-consistent, were revealed using this approach.
III. RESULTS
We first considered the impact of p-type doping of the barrier, optical guiding, and cladding layers. In addition to providing a useful comparison between theory and experiment, the impact of varying the doping of the layers immediately adjacent to the quantum wells is of fundamental theoretical interest in understanding the potential for hybrid carrier injection to improve LCI laser performance.
Initially, we assumed negligible lateral diffusion of the ptype dopant so that the transverse p-n junction was aligned with the p-contact side of the ridge. Fig. 3 shows the assumed doping profiles along typical quantum wells and barriers in the two cases considered. The p-type diffusion was assumed to dope to a level of about 5 10 cm at the depth of the active region.
The effect on the lateral carrier distribution of varying the layer doping is illustrated in Fig. 4 . In the structure with undoped barriers, the density of minority carriers de- cays exponentially to either side of the p-n junction with a characteristic length given by the appropriate minority carrier diffusion length. The concentration of low-mobility holes therefore decays rapidly toward the middle of the ridge. On the other hand, if the barriers are doped p-type as in Fig. 4(b) , an essentially flat lateral hole distribution may be achieved under moderate forward bias. Only as the injected current is raised and the hole density is increased above a baseline level determined by the degree of barrier doping does the distribution of Fig. 5(b) begin to adopt the exponential form characteristic of the intrinsic-barrier case of Fig. 5(a) . The impact of barrier doping is to establish a nonzero baseline hole level toward which the distribution will decay. The steady supply of carriers is provided in the p-type barrier case by a combination of lateral flow from the side contact reservoir and a vertical contribution from the barrier hole reservoirs. A band diagram (Fig. 6 ) aids in understanding the manner in which barrier and guide doping aids in funneling carriers into the quantum wells along the width of the structure. P-type doping of the intervening layers pushes up the bands on either side of the wells as shown in Fig. 6(b) , thereby providing a supply of carriers which can diffuse transversely into the quantum wells. Carriers supplied by the p-side contact serve to replace those holes which are lost from the reservoir when they are captured into the wells and recombine. Steady-state carrier flow is then a 2-D hybrid of lateral and vertical transport.
The benefits in terms of laser operation are manifested in the lateral material gain profile shown in Fig. 7 . In the intrinsic barrier structure the gain drops rapidly in an approximately linear fashion (in light of the exponential spatial decay of the density of holes, the gain-limiting carrier) toward the centre of the device. In the laser with p-type barriers the lateral hole distribution is smoother since it benefits from the process of hybrid injection. At a given bias, the modal gain, as determined by the overlap integral between the material gain and the photon field, is therefore greater in the p-barrier case. We can relate quantitatively the improved output characteristics of the p-barrier device to our understanding of its internal operating mechanisms by considering the evolution of modal gain and loss with current as shown in Fig. 8 . Because of the difference in mode-gain overlap the device with p-doped barriers exhibits a much greater rate of change of modal gain with injected current. In the figure, the modal loss (due to mirror, average bulk, and free carrier loss) changes slowly with current compared to the modal band-to-band gain. Because of improved p-barrier-assisted hole injection, this device reaches threshold at about half the current of the intrinsic barrier structure.
The authors of [7] partly attributed the high observed threshold current and relatively low efficiency to the leakage of carriers through the p-doped cladding. We show in Fig. 9 the current density in a transverse cross-section at moderate bias. In the device with undoped barriers nearly all of the current flows through the quantum wells, whereas in the p-barrier device there is substantial current density in the holeconducting guide and barrier layers. This current density may be subdivided heuristically into two components: a portion flowing in the barrier and guide layers that is injected transversely into the quantum wells before traversing the lateral extent of the active region, and a truly parasitic leakage component. Our results show that at threshold, the parasitic sink accounts for approximately a quarter of the total current. Thus, while accidental doping of nominally intrinsic layers somewhat increased the leakage current, its more dramatic effect was in fact to lower the threshold current and improve the efficiency of the device. Just as variation of doping in the epitaxial growth direction was shown to yield improved devices, the lateral degree of freedom may also be exploited by diffusing dopants more toward the centre of the ridge. As illustrated in Fig. 7 , engineering the dopant profile in this manner may be used to improve the overlap integral between the photon field and the material gain by shifting the lateral position of the transverse p-n junction. Free-carrier absorption is a competing phenomenon since it causes the modal loss to increase as the overlap between the dopant profile and the photon field rises under greater lateral diffusion toward the ridge centre. We include this effect in our model. Fig. 10 shows the lateral distribution of the material gain at 4 mA for different degrees of lateral p-type dopant diffusion, and therefore for different lateral offsets between the transverse junction and the predominantly index-guided optical mode. Devices with the transverse junction situated near the middle of the ridge show the best modal gain and exhibit consequently the lowest threshold currents, as demonstrated in Fig. 11 . We present in Fig. 12 a summary of the dependence of threshold current, absorption at threshold, and differential efficiency on the lateral diffusion of dopants. The minimum in threshold current occurs when the dopants are diffused approximately to the middle of the ridge, though the detailed dependence is in fact a result of the competing influences of mode-gain overlap, freecarrier absorption, and lateral leakage current. The efficiency immediately above threshold is a maximum for a relatively small lateral dopant diffusion distance (0.2 m): once the initial hurdle of improving gain-mode overlap is overcome, the parasitic lateral leakage of electrons rapidly takes over the role of limiting device efficiency.
In order to quantify and, ideally, to reduce this parasitic leakage current attributable to carriers which traverse the lateral extent of the active region without recombining, we studied the effect of adding further carrier confinement using lateral heterobarriers. Impurity-induced and vacancy-induced intermixing [16] are nonintrusive planar techniques for introducing a graded lateral heterojunction of the sort required. The evolution of the lateral carrier density profile with current in a structure with p-type barriers and intermixed quantum wells in the p-contact region is shown in Fig. 13 . The 10-mA curve is for operation just above threshold, indicating that the threshold current in the laterally confined device may be reduced to approximately half that of the otherwise identical laterally leaky device.
IV. CONCLUSION
Our analysis of the results of fully self-consistent 2-D modeling has permitted us to gain insight into the internal operating mechanisms of a specific lateral current injection laser, and to generalize therefrom to other members of this promising family of lasers. First, we have found that a relatively low level of p-type barrier and guide layer doping may substantially improve device performance by creating a 2-D reservoir which permits a more uniform distribution of low-mobility holes. Second, we have shown that shifting the lateral position of the transverse junction may dramatically improve the overlap between the photon field and material gain by better aligning these two profiles. Both of these approaches address the disparity between the mobilities of electrons and holes that has been one of the major limitations on past device performance. Third, we have shown that lateral leakage of carriers across the active region of a transverse junction laser may contribute significantly to high threshold currents and low efficiencies, and that the presence of a single heterobarrier aligned with the transverse junction may serve to confine carriers to the region in which they are needed, thereby improving device performance dramatically. In the absence of lateral heterobarriers, an optimum ratio between the contact spacing and the ambipolar diffusion length may be chosen.
These features, which are unique to the lateral injection family of lasers, support the contention that this class of devices merits detailed physical investigation on its own terms instead of a simple transfer of vertical injection laser design principles. With an understanding of the novel physical mechanisms intrinsic to LCI lasers, further substantial improvements in device performance may be achieved with minor modifications to previous fabrication processes.
